in the absence of over-all growth by expansion (viz., dormant lettuce seeds, [13] [14] [15] , and B: growth and differentiation without significant deoxyribonucleic acid (DNA) synthesis, mitosis, and cell division (viz., wheat grown from gamma-irradiated grain, 9, 11). In this paper we report the effects of IAA on these two systems, with particular reference to interactions of IAA with kinetin on cell division (29) , and we suggest how such effects might underlie various actions of auxin as a regulator of normal growth. as a herbicide, and as a causative agent in the production of plant tumors.
Materials & Methods
For experiments on mitotic activity in dormant lettuce seeds (Lacthca sativa L., var. New York). the seeds were sown on a piece of Whatman No. 1 filter paper in 9-cm petri dishes. The paper was moistened with 4 nil of either distilled water or solutions (pH 5.7) of IAA or kinetin (6-furfurylaminopurine). The petri dishes were immediately placed in closed copper sterilization cans and submerged in a water bath set at a constant temperature appropriate for preventing germination in each experiment. At the indicated times after sowing, the dishes were removed and the radicles were excised from the dormant seeds and fixed in a 6: 3: 1 solution of absolute ethanol: chloroform: glacial acetic acid. They were hydrolyzed in N HCI for 8 minutes at 60 C and stained with Feulgen's reagent. The apical 0.5 mm of each radicle was squashed upon a slide so that essentiallv all the cells could be examined for mitotic figures. Statistical procedures used to interpret results of such experiments have been described (15) .
A second batch of New York lettuce seed was used for studies of germination percentages. Unless otherwise indicated, the lettuce seeds were in continuous darkness after sowing. ' IAA (molority) Fig. 1 Interactions of 5 X 10--r kinetin with an ibhlibitori concentration of TAA (2 X 10-9 a\) are shown in table IV. In the presence of kinetin. 2 X 10-3 al TAA increases mitotic activity. The data corresponding to 5 X 10-5 Ai kinetin and to 5 X 10-5 M kinetin plus 2 X 10-3 At IAA were broken down into six classes: radicles having 0, 1 to 3, 4 to 10. 11 to 25, 26 to 35, and 36 or more mitotic figures detected. The value of x2 for the five degrees of freedom gives p = 0.0012. This result does indicate a positive synergism between TAA and kinetin. The concentration of fAA used in this experiment inhibits mitotic activity in the absence of added kinetin and stimulates mitotic activity in the presence of kinetin. This effect is all the more remarkable because this high TAA concentration, whether in the presence or in the absence of added kinetin, was consistently deleterious to many other processes in the lettuce seeds (see next subsection). This interaction between kinetin and TAA on mitotic activity in dormant lettuce seeds (table IV) has no counterpart in any such interaction between these compounds on germination. As shown in figure 2, high concentrations of TAA inhibit germination both in the absence and in the presence of added kinetin. The observation that 2 X 10-3 M IAA increases mitotic activity in the presence of kinetin but greatly inhibits germination, in the presence or absence of added kinetin. further suggests that the interaction of IAA and kinetin on mitotic activity (table IVr) While performing the study summarized in table IV, we noticed that the seeds treated with IAA plus kinetin had cytological aberrations, mostly anaphase-and telophase-bridges and micronuclei (fig 3) . Whereas several hundred such aberrations were observed in seeds treated with IAA plus kinetin, only one aberration (micronucleus) was observed in the seeds treated with kinetin alone. The great number of aberrations apparently was caused by the IAA and was not dependent on the presence of kinetin. (The absence of aberrations in the seeds treated with IAA alone is undoubtedly a reflection of their negligible mitotic activity, since the occurrence of mitotic activity is necessary for detecting chromosomal aberrations.) Radicles were fixed 3 and 4 days after sowing seeds at 30 C in water with or without 2 X 10-3 M IAA. Examination of ten radicle tips from seeds after 3 days and ten after 4 days in water gave no evidence of cytological aberrations. By contrast, examination of ten radicle tips after 3 days in 2 X 10-8 M IAA revealed that three radicles had abundant micronuclei, while in two other radicles the nuclei appeared necrotic; i.e., they did not appear clear and distinct after staining with both Feulgen reagent and iron acetocarmine. After 4 days in 2 X 10-3 M IAA, six of ten radicle tips had many such necrotic nuclei. That the cytological abnormalities should be independent of kinetin treatment might also be expected from the fact that kinetin treatment does not potentiate the production of gamma-radiation-induced chromosomal aberrations in lettuce root tips (15) .
HABER-AUXIN ACTION ON GROWTH & ON MITOSIS
The high concentration (2 X 10-3 M) of IAA thus had four deleterious effects on lettuce seeds: A: decreased mitotic activity (in the absence of added Radicles with mitotic figures** 3(1),1 (3),1 (7) 1 (1) 10 (1) ,5 (2),2 (3),2 (4) 3 (5) ,1 (7) ,1 (8) ,l (11 ), 1 (14) ,1 (21 ),1 (24) ,1 (31 ) 1 (1),1 (2),4(4),1 (7), 1 (8),1 (10) ,1 (17),1 (25), 1 (27) To complement the studies just described, on mitotic activity without growth by expansion, we studied IAA effects on gamma-plantlets. When roots, coleorhizae, and epiblasts in these seedlings grown from gamma-irradiated (800 kr) grain, were germinated in 10-I of 10 51 IAA, they were found to lack DNA synthesis and mitosis by the same criteria used in earlier studies in which the gamma-plantlets were germinated and grown in water (11, 12) . Two effects, which were always observed in wheat seedlings germinating in 10-3 Al IAA, are shown in figure 4a -the excessive and disorganized growth of the coleorhiza and epiblast and the great inhibition of seminal root growth. Both these IAA effects are also observed in gamma-plantlets germinating in 10-3 Al IAA (fig 4b) . The IAA-induced inhibition of root growth in gamma-plantlets was observed in only three of the seminal roots, since the upper pair of lateral seminal roots does not emerge even in water controls (9) . No The classical object for studies of auxin action on growth uncomplicated by cell division is the Avena coleoptile. which reportedly grows without cell division after it has reached a length of about one centimeter (35) . The gamma-plantlet offers some obvious advantages over excised coleoptiles for certain studies, because it is an intact, growing organism that performs many anabolic processes, including the synthesis of specific types of proteins (11) , and attains a high degree of anatomical (lifferentiati-on (9) . In recent studies it has been shown that auxin can retard the senescence accelerated by detaching leaves (23 (25, 32) .
In their studies on the induction of cell division in excised tobacco pith, Skoog and coworkers found that both an auxin and a kinin (i.e., a substance with physiological activity similar to that of kinetin") are required for active mitosis and cell division to proceed continuously (29) . This interaction between IAA and kinetin has its counterpart in the synergistic action between these two compounds on mitotic activity in dormant lettuce seeds. This similarity might suggest that such interactions between auxin and kinin on mitosis and cell division may be general for intact plants. In excised tobacco pith there was neither mitosis nor cell division when both IAA and kinetin were withheld from the medium; when only one of these two compounds was added there was occasionally a slight effect (29) . Skoog and Miller have explained this effect by the theory that both auxin and kinin are necessary for cell division and that there may be traces of endogenous auxin and kinin in the excised pith tissue (29) . Our results with dormant lettuce seeds are fully compatible with their theory. Accordingly, there would have been sufficient endogenous auxin and kinin for some mitosis and cell division to occur in the radicle tips of intact seeds sown on solutions to which neither IAA nor kinetic had been added (fig 1, tables I (30) . These authors demonstrated that coconut milk contains factors that promote cell division, although they found no evidence that it contains kinetin (6-furfurylaminopurine) as such (31) .
The results in table IV weaken the suggestion that in the joint interaction of auxin and kinin in promoting growth with cell division the sole function of the auxin is to promote cell enlargement while the function of the kinin is to induce cell division (3, 4) . This suggestion is also weakened by the finding that treatment of excised tobacco pith with both IAA and kinetin results in clusters of cells smaller than those in the untreated tissues (see Plate I, fig 2 of ref. 29) .
In their thoughtful review, Galston and Purves (10) (28) . Thus, for example, a primary action of a growth-regulator on growth by expansion can secondarily affect mitotic activity (14) . Conversely, a primary action of a growthregulating agent on cell division can secondarily affect over-all growth by expansion (11). These considerations indicate that in studies of the action of any growth-regulator on complex tissues or organs there is no justification for the widely used and accepted practice of taking changes in cell size as an index of the action of the growth-regulator on cell expansion.
Gibberellins also can stimulate growth by expansion and, in some instances, increase cell division.
The increased mitotic activity in gibberellin-treated tissues, however, seems to be a consequence of an initial action on growth by expansion (12, 14) . The lack of this characteristic of auxins (viz., the capacity to affect mitotic activity independent of any action on over-all growth by expansion) might explain why gibberellin does not produce such pronounced and general auxin effects as callus formation, cell proliferation in cambium and cortex, and root initiation on stem cuttings (6). The interaction of auxin and kinin on mitotic activity suggests a possible explanation for the observations that herbicidal auxin treatments frequently involve an increased occurrence of cell division despite the over-all growth inhibition of the entire plant. Auxin 'herbicides have been picturesquely described as causing some plants to "proliferate themselves to death" (1) . Such cell proliferation is especially noticeable in phloem tissue (8, 34) . Jablonski and Skoog (17) showed that vascular tissue is a source of kinin. Accordingly, it may now be suggested that the abnormal cell proliferation in plants treated with auxin herbicides results from an interaction between endogenous kinin (in or from the vascular tissues) and the applied auxin herbicide. This postulated interaction -would be analogous to the results presented in table IV; viz., a generally toxic concentration of auxin can, nonetheless, stimulate mitotic activity provided a sufficient level of kinin is present.
The dormant lettuce seeds in 2 X 10-3 M IAA showed, in addition to inhibition of germination, several deleterious effects: inhibition of mitosis (in the absence of added kinetin), cytological aberrations, and loss of capacity to take nuclear stains. Harrison and McLeish (16) have noted that aging of stored 'lettuce seeds was reflected in chromosome breakage, decreased germination, and decreased mitotic activity. High IAA concentrations do not, in general, produce chromosome breakage, however, because high IAA concentrations that severely inhibited root growth gave no evidence of chromosome aberrations in Cmetaphase figures in root tips of germinating lettuce, barley, and onion (Haber & Luippold, unpublished). Thus we are inclined to concur with the interpreta--tion of Harrison and McLeish: "The effects of age--ing upon seeds must, however, be recognized as complex and the production of cytological abnormalities to be a consequence rather than the initial cause of seed deterioration" (16) . [Chromosomal and cytological abnormalities in IAA-treated tissues have been observed by Therman (33) and by Naylor et al. (22) . Therman, however, concluded that the IAA did not induce any structural changes in the chromosomes, but only revealed their presence by inducing .mitosis (33) .] Although we cannot explain the deterioration of IAA-treated seeds in these experiments, the results, nonetheless, illustrate an instance in which high IAA concentrations can be generally toxic in the absence of any growth. This phenomenon suggests that at least some deleterious actions on growth by herbicidal auxin concentrations are upon physiological systems different from those affected by -growth-stimulatory concentrations.
Accelerated deterioration of IAA-treated lettuce seeds has implications for the theory that IAA action .may be attributed to its functioning as a reducing agent within the cell (7, 27) . The presence of oxygen accelerates, whereas the absence of oxygen retards, seed deterioration (2, 16, 18 fig 4a, b) . In another instance IAA stimulates mitosis that is unrelated to any over-all growth by expansion (in dormant lettuce seeds, tables I, III, IV). Moreover, the responses of cells in these two respects can be remarkably variable (see subsection III of Discussion). Thus it is conceivable that auxin-induced tumor formation could involve a localized and simultaneous occurrence of these two actions of auxin in the same group of cells. According to this theory of auxin action in tumor formation, cell division would not be an immediate cause of tumor induction, but would, along with cell expansion, be necessary for tumor growth. In this respect the postulated role of cell division in IAA-induced tumor development would perhaps be analogous to the role of cell division in normal development. To many, cell division is a necessary incident of normal growth and development but not the immediate cause of differentiation (26) . Recent studies on animals (19) and plants (9) 
